The SNPforID consortium identified a panel of 52 SNPs forensic analysis that has been used by several laboratories worldwide. The original analysis of the 52 SNPs was based on a single multiplex reaction followed by two single-base-extension (SBE) reactions each of which was analyzed using capillary electrophoresis. The SBE assays were designed for high throughput genetic analyzers and were difficult to use on the single capillary ABI PRISM 310 Genetic Analyzer and the latest generation 3500 Genetic Analyzer, as sensitivity on the 310 was low and separation of products on the 3500 with POP-7™ was poor. We have modified the original assay and split it into four multiplex reactions, each followed by an SBE assay. These multiplex assays were analyzed using polymer POP-4™ on ABI 310 PRISM® and polymers POP-4™, POP-6™ and POP-7™ on the 3500 Genetic Analyzer. The assays were sensitive and reproducible with input DNA as low as 60 pg using both the ABI 310 and 3500. In addition, we found that POP-6™ was most effective with the 3500, based on the parameters that we assessed, achieving better separation of the small SBE products; this conflicted with the recommended use of POP-7™ by the instrument manufacturer. To support the use of the SNP panel in casework in Malaysia we have created an allele frequency database from 325 individuals, representing the major population groups within Malaysia. Population and forensic parameters were estimated for all populations and its efficacy evaluated using 51 forensic samples from challenging casework.
Introduction
While short tandem repeat (STR) analysis remains the primary tool in forensic genetics additional markers to analyze degraded DNA are desirable. A number of SNP panels have been evaluated for individual identification (IISNPs), including the SNPforID panel, which was developed by a European consortium [1] . In the original SNPforID study 52 SNPs were amplified in a single PCR followed by two single-base extension (SBE) reactions, using capillary electrophoresis (CE). The two SBE reactions contained 23 and 29 primers; the PCR products size ranged from 59 bp to 115 bp, whilst the SBE products size ranged from 16 to 92 nt [1] .
The original system was developed using SNaPshot ® Multiplex System to detect the SNPs on three genetic analyzers: ABI 310 PRISM®, ABI 3100 PRISM® and ABI 3100 PRISM® Avant, all with 36 cm capillary arrays and performance optimized polymer POP-4™ (Applied Biosystems, USA). The reported sensitivity of the ABI 310 PRISM ® was only 20% of the sensitivity of the ABI 3100 PRISM ® , and therefore most of the development studies were carried out using ABI 3100 or ABI 3100-Avant PRISM® Genetic Analyzers. The system has subsequently been validated for use in ISO 17025 accredited laboratories [2] , but is not without challenges, in particular peak imbalances between alleles [1, 3] . These challenges have been addressed by developing alternative techniques, such as oligo-ligation [3] and more recently systems developed for next generation sequencing have gained attention in the forensic community as a technology that allows the typing of large SNP arrays [4] [5] [6] . Modifications of the multiplexes have also been reported, splitting the PCR into two or more separate amplification reactions, which helped to increase sensitivity, allowing the ABI 310 platform to be used, and facilitating the interpretation of SNaPshot ® data [7, 8] .
The SNP markers from the SNPforID 52plex were selected for evaluation as a supplementary genetic marker for casework in Malaysia using capillary electrophoresis platforms. During the development the platforms available were the ABI 310 Prism® and the 3500 Genetic Analyzer; the primary aim of the work was to redesign the multiplexes to facilitate interpretation using these platforms. In this study we describe the development of four 13-plex PCR/SNaPshot assays (designated as 13 st , 13 nd , 13 rd and 13 th ) and the analysis using polymer POP-4™ with ABI 310 and POP-4™, POP-6™ and POP-7™ with a 3500 Genetic Analyzer. The reproducibility and sensitivity of the assays were assessed during this study and population data for the three major ethnic groups of Malaysia, Malay, Malaysian Chinese (M-Chinese) and Malaysian Indian (M-Indian),
were generated as a reference source for casework. The efficacy of SNPs in challenging casework using the redesigned assays was also assessed.
Materials and Methods

Sample, DNA extraction, purification and quantification
For Malay, M-Chinese and M-Indian populations 325 samples were collected after gaining informed consent on FTA ® Classic Card and purified using either phenol/chloroform/isoamyl alcohol or QIAamp ® DNA Investigator Kit (Qiagen, UK) according to the manufacturer's protocol.
DNA was quantified using Quantifler ™ Human DNA Quantification kit (Applied Biosystems, UK)
with a 7500 Real-Time PCR system (Applied Biosystems). The procedure was carried out according to the manufacturer's protocol, but with half volumes.
9947A and TaqMan® Control Genomic DNA (Applied Biosystems) were used as DNA controls throughout study.
Multiplex SNPs assay set-up
Several combinations of the PCR and SBE primers were evaluated before selecting the most robust combinations. Finally, four 13-plex assays were developed, named 13 st , 13 nd , 13 rd and 13 th .
All sequences and sizes of PCR/SBE primers were the same as previously described [1] , except for 14 SBE primers that were modified to balance the designated assays. Each modification involved the addition or reduction of poly thymidine (poly T) or poly cytosine (poly C) to the 5 end of the SBE primer. The new SBE length (bp) and the final combinations and concentrations of all primer pairs in each multiplexed (both PCR and SBE reactions) are presented in Table 1 .
Amplification and PCR Purification
The total reaction volume of 15 µl comprised 1X AmpliTaq Buffer II, 3.0 mM MgCl 2 solution, 0.4 mM dNTPs, 2U AmpliTaq®DNA Polymerase and 1 µl DNA sample (all the PCR components from Applied Biosystems). All other steps of PCR and purification reactions were performed as described previously [1] .
SBE reaction and products clean-up using SAP (USB, Affymetrix, USA)
The SBE reactions were carried out using ABI Prism SNaPshot ® Multiplex Kit (Applied Biosystems).
The optimized SBE multiplex reactions contained 2.0 µl of SNaPshot mix, 1.5 µl of purified PCR product and 1 µl of mixed SBE primers. The nuclease-free water was added to make up the total reaction volume to 5 µl. Thermal cycling conditions and SAP purification steps were as described previously [1] . 
Capillary Electrophoresis with ABI 310 PRISM® Genetic Analyzer
SNP typing with polymer POP-6™ and ABI 3500 PRISM® Genetic Analyzer
The volume for each SBE multiplex assay was reduced to 1.7 µl of SNaPshot mix, 1 µl of purified PCR product and 1 µl of mixed SBE primers, made to a final volume of 5 µl with nuclease-free water. Following final optimization, all control DNA samples, with template amounts ranging from 0.01 ng to 2.5 ng (in triplicates) and population samples were analyzed with polymer POP-6™ on a 3500 Genetic Analyzer. An example of the profiles generated from a sensitivity study are shown in Supplementary Figure 1 .
Data collection and evaluation
SNaPshot data from the ABI 310 PRISM® Genetic Analyzer were analyzed using GeneMapper ™ ID Software version 3.2; data collected from the 3500 PRISM® Genetic Analyzer were analyzed using GeneMapper® ID-X version 1.2. For all analysis peak thresholds were set to a minimum of 120 RFU (blue), 60 RFU (green) and 30 RFU (yellow, red and orange). The acceptable peak height ratio for heterozygote allele calls was 3:1 (maximum) and a minimum of 5:1 peak height ratio (with a minimum peak height of 400 RFUs (blue), 200 RFUs (green) or 100 RFUs (yellow and red)) for homozygote alleles. These were based on the criteria previously described [1] and verified using commercial DNA 9947A and thirty full profiles generated on both the 310 and 3500.
Analysis of population data
FST values and the exact test for Hardy Weinberg equilibrium (HWE) and linkage equilibrium (LE)
were carried out using Arlequin version 3.5 [9] . Forensic parameters were calculated using PowerStats version 1.2 [10] . Population attribution was estimated using Arlequin version 3.5 and
Snipper version 2.5 [11] . Profiles were generated from 325 population samples with input DNA as low as 0.1 ng up to 500
Results
Development and optimization of the assays
ng. No locus drop-out or unusual peaks were observed. However, peak imbalances and baseline noise was observed in samples with that less than 0.06 ng and higher than 30 ng DNA.
Analysis of 13-plex assays with different parameters using a 3500 Genetic Analyzer
Initially, the SNPs genotyping of the same SAP-treated products from the previous internal validation study using ABI 310 was carried out using POP-7™ with a 50 cm capillary array on a 3500, following the recommended manufacturer's protocol [12] . However, the resolution of the alleles was poor, especially for the SBE products below 60 nt; we carried out further analysis using POP-4™ and POP-6™. Results obtained are shown in Fig. 1 , where the same samples of the 13 thplex assay were run using different types of polymer. Peak heights were similar using all polymers (5000 to 7000 RFU) for all profiles when using the 3500, but each showed different allelic migration patterns, especially for SNP alleles below 60 nt. Samples analyzed using POP-6™ on the 3500 showed the best separation (POP-4™was not tested with a 50 cm capillary). As the sensitivity of the 3500 was higher than the 310 the amount of reaction mixture could be reduced and comparable results, in terms of peak height, obtained (see Section 2.7). [13] . The combined match probabilities for the 52 SNPs were: Malay 3.9654e -19 , M-Chinese 5.3964e -18 , and M-Indian 1.7459e -19 (Supplementary Table 2 ).
The exact test for departures from Hardy Weinberg equilibrium detected significant differences, 
Application to casework
A small number of samples, 51 samples in total from 10 different cases, which had been processed with varying degrees of success were re-extracted and amplified using the PowerPlex® 16 System (PP16) and the SNP panels. Of the 51 samples, following re-extraction, 19 gave a full profile with PP16, all of these profiles gave a full 52 SNP profile. Nine of the samples gave partial STR profiles ranging from 13 loci to 7 loci, of these full 52 SNP profiles were possible for 7 of the samples and partial profiles (26 and 33 SNPs) for the remaining 2. Of the 23 samples that gave no STR profile 10 could not be profiled at any SNP, 10 could be profiled at all 52 SNPs and 3 gave partial profiles with between 39 and 50 SNPs (Supplementary Table 5 ). Some caution has to be exercised when interpreting these results as reference samples were not available for comparison (i.e. from the donor), so the accuracy of the profiles could not be verified. However, apart from that partial nature of some profiles, they were otherwise judged to be of good quality, meeting the criteria detailed in Section 2.8, and identical profiles, apart from some locus dropout, were obtained from at least two different pieces of evidence from each case.
The SNP assays were also used to process 11 paternity cases that had been examined previously using STR analysis with PP16. These comprised four duos, with child and alleged father, six trios, and one case with mother, three children and alleged father: one case had a single mutation between the child and father and a case had two mutations between the child and the alleged father (the cases with mutations had been examined to exclude avuncular relationships). For the nine children tested with both a mother and father the combined paternity index (CPI) for all of the cases were all in excess of 2e 6 using the 52 SNPs, which translated to a probability of paternity of 99.99995% when using a prior probability of 0.5 (Supplementary Table 6 ). The CPI for the four children tested with only the father for reference was lower, with three of the cases below 1000, and one below 100; the 15 STR markers were more informative in the duo cases.
Discussion
The SNPforID panel is one of the IISNP panels adopted by the forensic community. Other IISNP panels have also been developed, such as a 92 IISNP panel, 86 of which did not show strong linkage and is commonly referred to as the KiddLab panel [15] , a 21-plex [16] and an 18-plex specifically designed to be more robust when amplifying degraded DNA [17] . KiddLab panels have been developed to ensure that the associated forensic parameters, such as power of discrimination and lack of genetic linkage in multiple tested populations, make them robust genetic markers.
The approach taken in this study to increasing the sensitivity of the assay was to split the initial PCR and subsequent SBE reactions into four separate reactions. This has the advantage of making the assays easier to balance and also separate out the loci, reducing the number of loci amplified also increased the sensitivity, with only 60 pg of DNA needed to generate balanced profiles; this compares to > 200 pg needed when all amplicons were amplified on a single reaction [1] . The increased sensitivity is commonly seen when amplifying fewer amplicons, for example the IrisPlex, which co-amplified just 6 loci needed only 31 pg of DNA [20] . The disadvantage of splitting the assay is that four separate reactions are required to generate a full profile; however, in the application to casework, the SNPs would be typically used as a supplementary tool and all four panels may not be needed in order to reach an acceptable likelihood threshold (or exclusion). An alternative approach to increasing the sensitivity of the analysis used a PCR mix optimized for STR analysis and increased SBE cycles, which enabled a 49-plex reaction to be stably amplified from only 50 pg DNA [21] . Massive parallel sequencing approaches have been also been reported to increase the sensitivity of assays to as little as 31 pg [6] , but range to 0.5 pg to 1 pg of input DNA [4, 5, 22] .
Best practice in forensic genetics requires the generation of appropriate population reference databases so that the use of approximate/regional populations is not necessary. It was therefore imperative to generate reference databases for the three main population groups in Malaysia,
i.e. Malay, M-Chinese and M-Indian. Five loci were shown not to be in Hardy Weinberg equilibrium in the M-Indian population, one loci in Malays, and two in M-Chinese; this could be due to sampling effects or reflect a degree of selection or inbreeding within the tested populations. It could also be due to technical issues, in particular primer binding site mutations, that could result in an excess of homozygotes. Sequencing of primer sites in the target populations would identify potential problems and allow alternative/additional primers to be developed, but was beyond the scope of this project.
Typical forensic parameters were, as expected, very similar to previously typed populations [1, 23] , in addition there was very little evidence for linkage at the population level. F ST between
Malay and M-Chinese was low, which was expected given their well-characterized genetic relationship [24] ; between the M-Indian and M-Chinese/Malay the F ST values were above 0.003.
While the identification of bio-geographical origin was not the aim of this research the apparent differences in allele frequencies between the Indian population and Malay/M-Chinese in particular and could be exploited for this purpose. Assessment using both Arlequin and Snipper correctly predicted the origin of most M-Indian samples, whereas Malay and M-Chinese were more challenging to separate. The predictive power of analysis could well be improved by utilizing assays that have been specifically designed for this purpose, such as the SNPforID 34-plex, with SNPs selected in part on the different allele frequencies between populations [25] and the KiddLab ancestry panel [26, 27] . However, the implementation of this type of analysis is not currently undertaken in Malaysia and no decision has been made on whether it will be used; its implementation would be especially sensitive as it could be seen to discriminate against one minority population.
A selection of problematic casework samples was processed as part of this study. The results were promising, with approximately 50% of samples that gave no results using STR analysis with PP16 giving full or highly informative SNP profiles. The increased success rate was in part down to the increase sensitivity of the SNP assay in comparison to the PP16; this was apparent when small amplicons in the PP16 profile were not detected whereas larger amplicons in the SNP profile were successfully amplified. In some cases DNA degradation made it challenging to obtain full profiles, especially using STRs and the short amplicon sizes in the SNP assay facilitated profiling of the highly degraded samples. The sensitivity of the SNP assay could potentially be further enhanced by applying the amplification and SBE protocols described by Borsting et al However, in deficient cases additional STR markers may be more productive as the paternity indexes generated from the duo cases was lower than with PP16. In conclusion, the SNPforID panel has been shown to be of potential value for forensic casework in Malaysia, providing increased sensitivity and capability to profile highly degraded samples; population reference databases are available should it be implemented in this format or using a massive parallel sequencing platform. Supplementary Figure 1 13ndplex profiles with input template DNA from 0.01 ng to 0.5 ng.
Supplementary Figure S2 Graphical representation of Snipper analysis. Each coloured dot represents an individual and the area that they are placed in represents the most likely population that they belong to based on their profile frequencies using each of the three reference allele frequency databases.
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